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Abstract

A reduced-activation steel having a nominal chemical composition of Fe, 9% Cr, 2% W, 0.25% V, 0.1% Ta, and 0.1%
C was mechanically alloyed with a fine dispersion of Y,0; and TiO, to assess the potential for extending the elevated
temperature limit of this alloy for structural applications. The total oxide dispersion content was varied from 0.25% to
1% and the molar ratio, TiO,/Y,0; from 0 to 2. An argon atomized 9Cr2WVTa steel powder was ball milled under
vacuum, extruded at 1150°C to a 16 to 1 reduction in area, followed by a normalize and age heat treatment. Mechanical
properties were assessed by elevated temperature tensile tests over the temperature range from room temperature to
800°C. Transmission electron microscopy revealed a favorable dispersion of the oxide particles. Oxide dispersion
strengthening by mechanical alloying resulted in significant improvement in elevated temperature tensile strengths.
Extended ball-milling times improved oxide dispersion, microstructural refinement, and mechanical properties. © 2000

Elsevier Science B.V. All rights reserved.

1. Introduction

Ferritic/martensitic steels are being considered for
fusion applications because of their excellent swelling
resistance and thermal properties [1]. However, the use
of high-chromium conventional Cr-Mo steels or re-
duced-activation Cr-W steels for fusion power plant
first wall and blanket structure would limit the upper
operating temperature from 550°C to 600°C. In addition
to the limited upper operating temperature determined
by the creep strength, another problem with these steels
is the reduction of impact toughness (increase in the
transition temperature and decrease in the upper-shelf
energy in a Charpy test) caused by neutron irradiation
below 400-450°C. Thus, the use of these steels would
limit operations to a range of 400-600°C (at a maxi-
mum) [2].

Dispersion strengthening is the most likely approach
to provide the increased creep strength required in fer-
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ritic/martensitic steels for higher operating tempera-
tures. The low number density of relatively large
precipitates developed in the conventional or reduced-
activation steels cannot provide sufficient creep strength
beyond 550-600°C [2]. One way to widen the operating
temperature window is to raise the upper-temperature
limit to 650°C or higher. This can be done and still
maintain the advantages inherent in ferritic/martensitic
steels (e.g., high thermal conductivity and low swelling)
by using oxide dispersion strengthened (ODS) steels [2].
Elevated temperature strength of these steels is obtained
through microstructures that contain a high density of
Y,0; or TiO, particles dispersed in a ferrite matrix.
The first ODS steels were non-transformable ferritic
steels [3-11] based on 13% Cr—1.5% Mo [3-6] and 11—
13% Cr-3%W [10] ferritic matrices with titania (TiO,)
and/or Y,O; dispersions. Commercial manufacture of
the steels involves mechanical alloying of rapidly solid-
ified alloy and ultrafine oxide powders, followed by
consolidation by hot extrusion, rolling or hot isostatic
pressing. The products generally have very fine grain size
(<1 pm) and high uniaxial creep rupture strengths. Such
a microstructure would also be desired for fusion ap-
plications [11]. This investigation seeks to emulate the
success of Ukai et al. [12-14] by employing a Y,0;-TiO,
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composite oxide for dispersion strengthening a tempered
martensite matrix for enhanced elevated temperature
service.

2. Experimental procedure
2.1. Material

Two matrix alloys were produced as argon atomized
ferritic steel powder. The chemical composition of the
two alloys, designated LAF and LAFY, are given in
Table 1. The target composition for alloy LAF was
identical to the low activation ferritic steel developed by
Klueh et al. [1]. The composition of alloy LAFY in-
cluded 0.9% yttrium. These base alloys were blended
with fine Y,0; and TiO, powders having 25-35 nm
mean particle size such that the total oxide content was
varied from 0.25% to 1% and the molar ratio, TiO,/
Y,0;, from 0 to 2. The base metal plus oxide com-
positions produced in this investigation are given in
Table 2.

2.2. Processing

A 500-gm quantity of the matrix alloy served as the
basis for each alloy. Oxides were added and ball milled
in a vacuum attriter mill for 24, 48, or 96 h according to
Table 2. The milling speed was modulated to prevent
powder agglomeration. The milled powders were then
encapsulated in a 51-mm diameter stainless steel can.
Powders were degassed under vacuum at 400°C and
sealed. The canned powders were extruded at 1150°C

through a 12.7-mm diameter die in one pass resulting in
a 16:1 reduction in area. The heat treatment was: au-
stenitize for 1 h at 1050°C/air cool followed by tem-
pering for 1 h at 750°C/air cool.

2.3. Characterization

Tensile tests were performed under vacuum from
room temperature to 700°C at a strain rate of 1073 using
SS-3 miniature tensile specimens machined parallel to
the extrusion direction. Microstructural characterization
of the alloys included optical microscopy, scanning
electron microscopy and transmission electron micros-
copy of thin foils.

3. Results and discussion

An assessment of the extruded and heat treated alloys
revealed a tempered martensite microstructure with
grain size typically less than 5 pm. The tempered mar-
tensite microstructure is basically ferrite with a fine
dispersion of precipitated carbides and oxides incorpo-
rated during mechanical alloying. The transmission
electron micrographs shown in Figs. 1 and 2 exhibit a
favorable dispersion of the oxide-strengthening particles
with mean spacing on the order of 100 nm. As can be
seen in Fig. 2, extended ball-milling times, i.e., 96 h,
resulted in a more refined microstructure with extensive
subgrain formation.

Tensile tests have been completed for alloys desig-
nated: RK (the conventionally processed alloy), LAF-
20, LAF-3, LAF-3B, LAF-3C, LAFY-3C, LAF-5,

Table 1

Composition of matrix alloys (wt%)*
Alloy Cr (o Mn w A% Ta Si Y Fe
RK 8.5-9 0.1 0.45 2.0 0.025 0.07 0.2 0 Bal.
LAF 8.6 0.065 0.44 2.0 0.29 0.08 0.24 0 Bal.
LAFY 8.8 0.011 0.47 2.0 0.28 0.07 0.24 0.85 Bal.

#RK: conventionally processed ferritic steel powder by Klueh et al. [1]; LAF and LAFY: argon atomized ferritic steel powders/sieve

size: (—100/+400).

® Additional C pick-up from ball-milling operation is typically 0.04 wt%/24 h.

Table 2
Composition matrix for ODS ferritic steels*

Oxide additions Molar ratio TiO,/Y,03

(Y205 + TiOy) (wt%o) 0.5 1 2

1.0 LAF-1*# LAF-2* LAF-3** LAF-3B*® LAF-3C% LAFY-3C* LAF-4*
0.5 LAF-5* LAF-5B* LAF-5C* LAF-6* LAF-7% LAF-8*
0.25 LAF-9% LAF-10* LAF-11* LAF-12*
0.1 LAF-13* LAF-14* LAF-15* LAF-16*

%Y,0; and TiO, powders were 25-35 nm particle size. Alloys were ball milled for the duration specified by the superscript (h); LAF-20:

as received powder/no ball milling.
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Fig. 1. Bright field transmission electron micrograph showing
yttria particles dispersed in a ferritic steel matrix for alloy LAF-
1. Ball-milling time was 24 h.

Fig. 2. Bright field electron micrograph showing yttria particles
dispersed in a ferritic steel matrix with extensive subgrain for-
mation for LAF-3. Ball-milling time was 96 h.

LAF-5B and LAF-5C. Engineering stress—strain curves
are given in Fig. 3 for six alloys tested at 500°C. All OSD
alloys exhibited a dramatically higher 0.2% offset yield
strength and ultimate tensile strength compared to the
conventionally processed base alloy of the same nominal
composition. Total elongation values were typically 50%
less for the ODS alloys. Maximum uniform elongation
was not determined for the elevated temperature tests
since stress relaxation may have been sufficient, at the
slow testing rate, to change the shape of the stress—strain
curve such that the peak load did not correspond to the
onset of necking. Also evident in Fig. 3 is the dramatic
effect of extended ball-milling times on improving the
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Fig. 3. Tensile stress—strain curves for six alloys tested at
500°C.

tensile properties. Alloy LAF-3B was milled for 48 h and
is, consequently, weaker than LAF-3C and LAFY-3C
(both milled for 96 h). Figs. 1 and 2 illustrate the ad-
ditional microstructural refinement accomplished at the
longer milling times. Apparently, the smaller subgrains
remain stable at test temperatures and provide a sus-
tained impediment to plastic deformation. This signifi-
cant increase was accomplished without sacrificing
ductility.

Alloy LAF-3C exhibited higher yield and ultimate
strength compared to LAF-5C. It is not possible to offer
a definitive explanation for the improved properties
since the total oxide content of LAF-3C was greater
than LAF-5C, and TiO, was also present in the stronger
alloy. Total elongation was comparable. Additional
tensile tests are being performed to survey the complete
matrix of alloys produced for this investigation.

Stress—strain curves for alloy LAF-3C are given in
Fig. 4 for temperatures ranging from room temperature
to 700°C. The decrease in strength is generally attended
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Fig. 4. Tensile stress—strain curves for alloy LAF-3C tested
over the temperature range from room temperature to 700°C.
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Fig. 5. Tensile yield strength versus temperature for six re-
duced-activation ferritic steels.

by an increase in ductility. The occurrence of stress re-
laxation is more evident at the intermediate tempera-
tures, where both temperature and stress may be high
enough for creep strain to cause some elastic unloading
of the specimen.

A more comprehensive view of the effect of temper-
ature on the yield and ultimate strength of these alloys is
given in Figs. 5 and 6. The strongest ODS alloys pro-
duced, LAF-3C and LAFY-3C, maintain strengths a
factor of two greater than the conventionally processed
alloy over the full range of temperatures considered. A
more pronounced decrease in strength with increasing
temperatures is noted above 500°C. Above this tem-
perature, carbide precipitation begins to degrade the
strength of the alloy matrix. Resistance to plastic flow
becomes more dependent on the dispersed oxide parti-
cles. Refinements to the microstructure such as the finer
grain size likely contributed to the improvement in
strength for the ODS alloys.
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Fig. 6. Tensile ultimate strength versus temperature for six

reduced-activation ferritic steels.

4. Conclusions

1. Oxide dispersion strengthening reduced-activation
ferritic steels produced significant improvements in
elevated temperature tensile strengths.

2. Extended ball-milling times improved oxide disper-
sion, microstructural refinement, and mechanical
properties.
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